Males and females generally have different finger proportions. In males, digit 2 is shorter than digit 4, but in females digit 2 is the same length or longer than digit 4. The second-to fourth-digit (2D:4D) ratio correlates with numerous sexually dimorphic behavioral and physiological conditions. Although correlational studies suggest that digit ratios reflect prenatal exposure to androgen, the developmental mechanism underlying sexually dimorphic digit development remains unknown. Here we report that the 2D:4D ratio in mice is controlled by the balance of androgen to estrogen signaling during a narrow window of digit development. Androgen receptor (AR) and estrogen receptor α (ER-α) activity is higher in digit 4 than in digit 2. Inactivation of AR decreases growth of digit 4, which causes a higher 2D:4D ratio, whereas inactivation of ER-α increases growth of digit 4, which leads to a lower 2D:4D ratio. We also show that addition of androgen has the same effect as inactivation of ER and that addition of estrogen mimics the reduction of AR. Androgen and estrogen differentially regulate the network of genes that controls chondrocyte proliferation, leading to differential growth of digit 4 in males and females. These studies identify previously undescribed molecular dimorphisms between male and female limb buds and provide experimental evidence that the digit ratio is a lifelong signature of prenatal hormonal exposure. Our results also suggest that the 2D:4D ratio can serve as an indicator of disrupted endocrine signaling during early development, which may aid in the identification of fetal origins of adult diseases.
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limb development | sexual dimorphism | steroid hormones I n human hands, the relative lengths of the second and fourth fingers differ between males and females. In males, the second digit (2D, or index finger) is usually shorter than the fourth digit (4D, or ring finger), whereas in females the index finger is generally equal to or longer than the ring finger (Fig. 1A) . The ratio of 2D length to 4D length, known as the 2D:4D ratio, is therefore 2D:4D < 1 for most men and 2D:4D $ 1 for most women. This sexually dimorphic character of the limb was described >120 y ago (1), but it was not until 1998 that the 2D:4D ratio was linked to sex steroids by the observation that men with lower 2D:4D ratios have higher serum testosterone and lower estrogen levels (2) . The discovery that sexually dimorphic digit ratios exist in 2-y-old children raised the possibility that 2D:4D ratios are determined early in life (2) . These studies led to the hypothesis that a low 2D:4D ratio reflects embryonic exposure to high levels of testosterone, whereas a high 2D:4D ratio reflects a prenatal environment low in testosterone (3) . This hypothesis has not been tested experimentally.
There has been increasing use of the 2D:4D ratio as an index of prenatal hormone exposure, and extensive studies in humans have found correlations between digit ratios and a variety of physiological and psychological conditions, including fertility (4), athletic ability (5), sex-biased diseases (6, 7), social behaviors (3, 8) , and sexual orientation (9) . Most of the evidence linking digit ratios to differences in androgen and estrogen during development is indirect and based on correlational studies in humans after birth (10, 11) . It remains unknown whether prenatal androgen and estrogen play causal roles in sexual dimorphism of the digit ratios and how these sex steroids could influence the mechanisms of digit development. In this study, we show that sexually dimorphic 2D:4D ratios in mice are similar to those of humans and are controlled by the relative levels of androgen to estrogen signaling in utero. These findings indicate that the 2D:4D ratio is determined by (and is a reflection of) the hormonal milieu at the time of digit cartilage development and provide experimental validation for the use of digit ratios as an index of the uterine environment, which has implications for interpreting the developmental basis of sexual dimorphism, behavior, and disease.
Results
Sexually Dimorphic Digit Development in Mice. To determine the developmental basis of the sexually dimorphic 2D:4D ratio, we first confirmed that sexual dimorphism exists in the CD-1 mouse strain, as previous studies of mouse digit ratios have reached different conclusions that may reflect strain differences (12) (13) (14) (15) . Forelimbs and hindlimbs of CD-1 mice showed sexually dimorphic digit ratios, with hindlimb digits showing the greatest similarity to the proportions of human hands (Fig. 1) . Therefore, all subsequent analyses were performed on mouse hindlimbs. Morphometric analysis of 58 CD-1 mouse skeletons (30 males and 28 females) at postnatal day (P) 21 revealed that male and female 2D:4D ratios are significantly different; in the right hindlimb, for example, males have a mean 2D:4D ratio of 0.984, and females have a mean ratio of 1.006 (P = 0.034; Fig. 1 B and C) .
Humans show sexual differences in the 2D:4D ratio as early as 2 y of age, although it is unknown whether this difference arises during prenatal limb development or postnatal growth (2) . To determine whether digit length is specified differently in male and female mice, we used expression of Sox9, the earliest molecular marker of cartilage differentiation, to label the primordium of each digit and then measured the length of the Sox9 domain in the second and fourth rays (Fig. 1D) . At embryonic day (E) 12.5, when cartilage condensations first appear, 2D < 4D, and the ratio was not significantly different between males and females (P = 0.687; Fig. 1E ), indicating that the sexual dimorphism arises after condensation of the digit primordia. By E17, however, a small but significant sexually dimorphic 2D:4D ratio had emerged in the right hind paw; the male mean 2D:4D ratio was 0.962, but the female mean ratio was 0.981 (P = 0.013; Fig. 1 F and G) . Interestingly, the left hind paw showed no significant difference between males and females (P = 0.068; Fig. 1G ), which is similar to the left-right asymmetry that exists in adult humans; however, in mice, both left and right hind paws exhibited a significant dimorphism by P21 (Fig. 1C) . These results indicate that the sexually dimorphic 2D:4D ratio in mice develops during a narrow window of embryonic development-after formation of the digit condensations but before E17-and does not change postnatally ( Fig. 1 B, C, F , and G).
mediate the activities of androgens and estrogen, respectively, and are activated when ligand binding occurs in the cytoplasm, which induces translocation of the ligand-receptor complexes into the nucleus, where they function primarily as transcription factors that bind DNA and regulate gene expression (16, 17) . We asked whether AR and ER proteins are present in the developing digits before and during sexually dimorphic development. In E12.5 males and females, w90% of the cells in developing digits were AR-positive ( Fig. 2 A-D) , with 80% of the cells showing nuclear localization and only 10% showing cytoplasmic localization of AR (Fig. 2D) , suggesting that AR is active in most cells at the time of cartilage condensation. Comparison of 2D and 4D showed that nuclear localization of AR was significantly higher in 4D in both males (P = 0.027) and females (P = 0.039; Fig. 2D ).
By E14.5, males and females showed differences in the nuclear localization of AR in 4D, with >95% of the cells staining positive in the male 4D, compared with 70% of the cells in the female 4D (Fig.  2 E-H) . Thus, between E12.5 and 14.5, AR activity in 4D increased in males but decreased in females. In both sexes, nuclear AR remained more abundant in 4D than in 2D (P = 0.013 for males and 0.022 for females), suggesting that androgen signaling was higher posteriorly.
Variation of 2D:4D ratios is widely considered to reflect different prenatal androgen levels, although it also has been reported that estrogen levels correlate positively with 2D:4D ratios (2, 11, 18) . To determine whether estrogen signaling could have a role in the regulation of digit proportions, we investigated ER-α distribution during digit development. ER-α protein was present in the developing digits of both sexes at E12.5, 14.5, and 16.5 ( Fig.  2 I-P and Fig. S1 D-G) . At E12.5, most (85%) of the cells in the digit condensations were ER-α-positive (Fig. 2 I-L) , and, as with AR, we detected significantly more ER-α-positive cells in 4D than 2D in males (P = 0.022) and females (P = 0.025; Fig. 2L) . A notable contrast between ER-α and AR distribution is that, in both sexes, only 10% of ER-α-positive cells showed nuclear localization of the protein at E12.5, suggesting that most ER-α was inactive at this stage, and we observed no significant difference between 2D and 4D (P = 0.568 for males and 0.186 for females; Fig. 2 K and L). By E14.5, however, ER-α had become predominantly nuclear in the digit condensations of both sexes and, like AR, was more abundant in 4D than 2D (P = 0.0159 for males and 0.0264 for females; Fig. 2 M-P). These patterns indicate that ER-α is active in the digits between E12.5 and 14.5 and that estrogen signaling is stronger in 4D of both sexes.
In males and females at E16.5, both AR and ER-α were weaker in the proliferative zones, but ER-α remained strong in the hypertrophic zone of the proximal phalanx ( Fig. S1 A-F). Interestingly, at this stage, we found no significant differences in the number of ER-α-expressing cells in 2D and 4D of both sexes (Fig.  S1G) . The results suggest that ER-α may play a role in chondrocyte hypertrophy and elongation, but the lack of a difference between 2D and 4D at this stage supports the hypothesis that sexually dimorphic digit development is established before E16.5.
Given that activated AR and ER-α were more abundant in 4D of males and females by E14.5, we asked whether levels of activated receptor in 2D relative to 4D differed between the sexes. The difference in AR activity between 2D and 4D (ΔAR = AR 4D − AR 2D ) was greater in males (P = 0.025; Fig. 2H ), whereas the 2D:4D difference in ER-α activity (ΔER-α = ER-α 4D − ER-α 2D ) was greater in females (P = 0.008; Fig. 2P ). The finding that males had a higher ΔAR and females had a higher ΔER raises the possibility that it is the relative difference in androgen vs. estrogen activity (rather than absolute levels of either) that underlies sexually dimorphic 2D:4D ratios.
AR and ER also can have nongenomic modes of action, in which they signal through the mitogen-activated protein kinase (MAPK)/ERK pathway (19, 20) . To determine whether these receptors activate nongenomic signaling in the digits, we monitored the mRNA levels of Mapk1 and Mapk3 in 2D and 4D. We found no significant differences in Mapk1 and Mapk3 expression between male, female, and flutamide-treated male digits at E14.5, suggesting that nongenomic signaling plays little (if any) role in sexual dimorphism of digits (Fig. S2 ).
Modulation of Androgen and Estrogen Signaling Alters Digit Ratios.
Based on our discoveries that mouse toes mimic the sexually dimorphic digit ratios found in human fingers and that AR and ER-α show different 2D:4D patterns in male and female mice, we deleted AR and ER-α to test directly the hypothesis that prenatal androgen and estrogen signaling underlies sexually dimorphic digit development. When AR was deleted in the limb (using Prx1
Cre ; ref. 21) , mutant males showed significantly increased 2D:4D ratios over those of control mice, which expressed Cre but were wild type for AR (P = 0.021; Fig. 3A ). We then examined the effects of deleting ER-α and found that homozygous mutant males developed decreased 2D:4D ratios relative to controls (P = 0.049; Fig. 3A ). Thus, AR and ER have opposite effects on the digit ratio; AR is necessary for development of a masculine/low 2D:4D ratio, whereas ER-α is required for development of a feminine/high 2D:4D ratio. To identify the temporal window of sensitivity to androgen and estrogen signaling, we administered receptor antagonists or ligands to pregnant females between stages E12.5 and 15.5. Treatment of pregnant females with flutamide (120 mg/kg), a pharmaceutical antiandrogen that specifically binds and inactivates AR (22) , between E12.5 and 15.5 caused male offspring to develop higher/ feminized 2D:4D ratios (2D:4D = 1.024 vs. 0.987 in controls; P = 0.021; Fig. 3B ). When pregnant females were given dihydrotestosterone (DHT; 2 mg/kg) during the same developmental window, female offspring had lower/masculinized 2D:4D ratios (2D:4D = 0.992 vs. 1.008 in controls; P = 0.033; Fig. 3B ). Digit development was unaffected by treatment with the corn oil vehicle alone. Thus, a prenatal environment high in androgen induces development of a 2D:4D ratio <1. To determine whether modulation of prenatal estrogen could influence sexual dimorphism of the digits, pregnant females were treated with estradiol (300 μg/kg) from E12.5 to 15.5, which significantly increased/feminized the 2D:4D ratios in male offspring (2D:4D = 1.016 vs. 0.987 in controls; P = 0.019; Fig. 3B ).
We also tested whether postnatal modulation of androgen and estrogen signaling affects digit ratio. Treatments with flutamide, DHT, and estradiol at P0-3 failed to induce significant changes of 2D:4D ratios when measured at P21 (Fig. 3B) , although the anogenital distance was reduced significantly in flutamide-treated (P = 0.001) and estradiol-treated (P = 0.005) mice (Fig. S3 ). These results demonstrate that 2D:4D ratios are influenced by prenatal, but not by early postnatal, hormonal activity. Thus, although anogenital distance reflects both prenatal and postnatal effects of sex steroids, 2D:4D ratio is a readout of prenatal sex steroid activity only.
We next investigated how early the digit proportions could be influenced by sex steroids. We antagonized AR and ER from E12.5 to 15.5 and then measured the length of the digit cartilages 36 h later, at E17. Male embryos in which AR activity was antagonized with flutamide exhibited increased/feminized 2D:4D ratios at E17 (2D:4D = 1.009 vs. 0.963 in controls; P = 0.009), and females exposed to an ER antagonist (fulvestrant, 1 mg/kg) displayed decreased/masculinized 2D:4D ratios (2D:4D = 0.944 vs. 0.981 in controls; P = 0.008; Fig. 3C ). ER antagonism also decreased the 2D:4D ratio in males, effectively hypermasculinizing their digit proportions (Fig. S4) . We also tested the effects of increasing androgen or estrogen levels at E12.5-15.5 and found that as early as E17, males exposed to estradiol showed increased 2D:4D ratios (2D:4D = 1.004; P = 0.013), and females exposed to DHT showed decreased 2D:4D ratios (2D:4D = 0.957; P = 0.016; Fig. 3C ). Together with the finding that AR and ER are active at higher levels in 4D than in 2D in both sexes at E14.5 ( Fig. 2) , these data indicate that sexually dimorphic digit proportions are caused by prenatal differences in androgen and estrogen signaling. Interestingly, previous studies of human fetuses reported that by wk 14, the digit proportions resemble those of adults (23), which is consistent with the findings of an independent study that showed little change in digit dimorphism between ages 2 and 24 (2). Our studies indicate that, during early stages of digit development, either high androgen or low estrogen activity can lead to a decreased 2D:4D ratio, whereas either low androgen or high estrogen activity can result in an increased 2D:4D ratio. These findings suggest that the digit ratio reflects the balance of androgen to estrogen activity during the digit-forming stages of embryonic development.
Digit 4 Determines 2D:4D Ratio. To determine whether the shift in digit ratios could be attributed to a particular digit, we calculated the digit length index (digit length/tibia length, which controls for systemic effects on skeletal growth) for 2D and 4D after each treatment. Surprisingly, the 2D length index showed no significant response to augmentation with DHT (P = 0.066) or estradiol (P = 0.716) or to antagonism of AR (P = 0.58) or ER (P = 0.257; Fig.  3D ). By contrast, the 4D length index increased in females exposed to DHT (P = 0.03) or fulvestrant (P = 0.009) and deceased in males exposed to estradiol (P = 0.017) or flutamide (P = 0.012; Fig. 3D ). Differential growth of 4D, therefore, could account for the sexual dimorphism of the 2D:4D ratio.
To further refine the developmental basis of the 2D:4D ratio, we investigated whether modulation of 4D length by sex hormones could be narrowed down to a specific phalanx (finger bone). Comparison of the proximal and middle phalangeal length index (phalanx length/tibia length) in each treatment group showed that flutamide shortens the proximal and middle phalanges (P = 0.016 and 0.042, respectively), whereas fulvestrant elongated the middle phalanx (P = 0.008) but had no effect on the proximal phalanx (P = 0.269; Fig. 3 E and F) . DHT elongated the middle phalanx (P = 0.015) but had no detectable effect on proximal phalangeal length (P = 0.554; Fig. 3 E and F) . Estradiol, conversely, shortened the proximal phalanx (P = 0.031) but had no effect on the middle phalanx (P = 0.094; Fig. 3 E and F) . Thus, either decreased androgen or increased estrogen activity can cause reduction of phalangeal length, whereas increased androgen or decreased estrogen signaling leads to increased phalangeal length. The phalanx-specific effects of sex steroids suggest that the 2D:4D ratio reflects the totality of changes to the lengths of individual phalanges. These results further support the hypothesis H) and ER-α-positive (L and P) cells with nuclear (Nu) and cytoplasmic (Cy) staining. Note that 4D has the highest levels of activated (nuclear) AR in males and females at E12.5 (C and D) and E14.5 (G and H), although levels drop in the female between these stages. ER-α staining is also higher in 4D at both stages (L and P). ER-α is mostly cytoplasmic at E12.5 (K and L), but by E14.5, most of the ER-α has gone to the nucleus (O and P). Error bars show ± SEM. *P < 0.05. (Scale bars: 100 μm, A, B, I, and J; 30 μm, E, F, M, and N; 10 μm, C, G, K, and O.) that the ratio of androgen to estrogen signaling determines the length of 4D and, ultimately, affects the 2D:4D ratio.
Sex Steroids Regulate Cell Proliferation in Developing Phalanges.
Our analysis of the ontogeny of the 2D:4D ratio revealed that sexual dimorphism appears as early as E17 (Fig. 1 F and G) , shortly after the beginning of chondrocyte hypertrophy in developing digits. This finding raised the possibility that sexually dimorphic digit proportions may result from differential control of chondrocyte proliferation by AR and ER-α. To identify the cellular mechanism by which AR and ER-α regulate digit length, we first calculated the mitotic indices of the developing digits using BrdU labeling at E16. Given that the most pronounced changes in digit length were observed in 4D, we focused our analysis on these specific phalanges. In the proximal phalanges of control males, BrdU-positive cells were slightly (but not significantly) more abundant in 4D than in 2D (P = 0.054; Fig. 4 A, B , and E). Antagonism of AR with flutamide had a significantly greater effect on 4D than on 2D (P = 0.006), causing a 40% reduction in cell proliferation in 4D, but only a 20% reduction in 2D (Fig. 4 C and D) . This decrease in proliferation can account for the marked reduction in 4D growth and, consequently, the increased 2D:4D ratios in flutamide-treated males. Consistent with these results, when androgen activity was increased by DHT treatment, cell proliferation was enhanced more in 4D than in 2D (P = 0.021; Fig. S5) .
In control females, the number of BrdU-positive cells was not significantly different between the middle phalanges of 2D and 4D (P = 0.158; Fig. 4 F, G, and J) . Antagonism of ER by fulvestrant caused cell proliferation to be significantly higher in 4D relative to 2D (P = 0.003; Fig. 4J ). Fulvestrant led to a 35% increase in the number of BrdU-positive cells in the middle phalanx of 4D, but only a 0.2% increase in 2D (Fig. 4 H-J) . Comparison of cell death by using Lysotracker red staining showed no differences in apoptosis between control and flutamide-treated digits (Fig. S6) . Thus, the decreased 2D:4D ratio in fulvestrant-treated females is due to increased cell proliferation in the middle phalanx of 4D.
Digit-Specific Regulation of Gene Expression by AR and ER. Based on the finding that androgen and estrogen signaling control sexually dimorphic digit development by governing cell proliferation in specific digits (and even specific phalanges), and the observation that 2D and 4D show differences in AR and ER activity, we tested the hypothesis that the chondrogenic gene network may be regulated differentially in 2D and 4D. Expression of 90 genes known to be involved in skeletal development was compared in 2D and 4D after flutamide and fulvestrant treatments. Quantification of the transcript levels in 4D relative to 2D identified 19 genes with significant, digit-specific responses to either flutamide or fulvestrant ( Fig. 5 and Table S1 ). In males, antagonism of AR with flutamide significantly decreased the relative expression of Ihh, FgfR2, Sox9, Col10a1, Col4a2, and Col12a1, but increased expression of Bmp6, Smad3, Wnt5a, Igfbp2, Igfbp5, Runx2, Mmp9, and Itgam (Fig. 5 and Table S1 ). In females, by contrast, antagonism of ER with fulvestrant significantly increased the relative expression of Ihh, Col4a2, Col5a1, Col6a2, and Col14a1, but decreased Fgf3, Msx1, Igfbp2, and Igfbp5 (Fig. 5 and Table S1 ). In no case did flutamide and fulvestrant induce significant changes in the same direction, suggesting that androgen and estrogen have opposite effects on the expression of skeletogenic genes during digit development. Together, our studies indicate that the 2D:4D ratio reflects the effects of prenatal sex steroids on genes that regulate chondrocyte progenitor cell proliferation and differentiation in 4D.
Discussion
The 2D:4D ratio has been proposed to reflect prenatal testosterone exposure; however, this model has been based on correlational studies in humans (3, 11) , and, until now, it had not been tested experimentally. Our analysis of mouse digit ratios revealed a significant difference between the male and female 2D:4D ratio as early as E17, and we provide direct evidence that sexually dimorphic digit ratios are caused by androgen and estrogen signaling. We found that 4D has higher levels of AR and ER than 2D and that activity of these receptors influences the 2D:4D ratio by modulating levels of skeletogenic gene expression and cell pro- liferation in a digit-specific manner. We propose that polarized distribution of AR and ER-α in digit primordia, which is conserved between the sexes, together with sex-specific profiles of circulating hormones result in differential activation of hormone receptors in 2D and 4D. In turn, AR and ER-α differentially regulate expression of chondrogenic genes in D4, which underlies differential growth of digits in males and females (Fig. 6) .
Our finding that the 2D:4D ratios detected at E17 are not significantly different from those found in 3-wk-old weanlings or in adults suggests that sexually dimorphic digit development occurs during a short time window of prenatal development and that these differences persist over the life of the animal. The difference in scale between mouse and human digit ratios, along with differences among mouse strains, might explain the variable results of previous studies of rodent digit ratios (12, 14, 24, 25) . The dimorphism of 2D:4D ratios between male and female mice examined by us (this study) and by others (12) is considerably less pronounced than that reported for humans. The weaker dimorphism of mouse digit ratios could reflect hormone transfer between male and female embryos in the mouse uterine horns (26) . Indeed, studies of human dizygotic twins have shown that females with a male twin have lower 2D:4D ratios than same-sex female twins (27) . When we modulated AR or ER activity experimentally in mice, the differences in digit ratios became significantly more pronounced and approached the ratios found in humans. These results are consistent with reports that humans with AR mutations that affect the response to androgens, including complete androgen insensitivity syndrome, have associated changes in their 2D:4D ratios (28, 29) .
In adults, the role of ER in skeletal homeostasis is well known (30) . This study implicates androgen and estrogen in development of the early cartilaginous skeleton. Our gene expression data show that sex steroids control digit development through regulation of at least 19 members of the skeletogenic gene network. We found quantitative differences in their expression levels in 2D and 4D, indicating that there is a molecular 2D:4D difference during early digit development, before sexually dimorphic growth occurs. Interestingly, several of these genes have been shown to be regulated by steroids in skeletal and other tissues (31) (32) (33) (34) , and genetic studies have shown that Wnt5a, Ihh, Bmp6, Fgfr2, lgfbp2/5, Sox9, and Runx2 all play important roles in digit development (35) (36) (37) . For example, Wnt5a has been shown to regulate the pace of chondrocyte proliferation and maturation in long bones (38) . Our findings indicate that AR is a negative regulator of Wnt5a expression in digits and that the up-regulation of Wnt5a in 4D after antagonism of AR may underlie the reduction of cell proliferation and shortening of this digit in males that develop increased/feminized 2D:4D ratios.
It is interesting that the stages at which phalangeal growth can be influenced by AR and ER are also the stages when sex steroids masculinize and feminize the brain (39) . Strong correlations exist between 2D:4D ratios and a suite of behavioral phenotypes, fertility, diseases, athleticism, and sexual orientation (5, 7-9, 11, 40, 41) . Evolutionarily, hormonal regulation of sexually dimorphic brain development, a likely target of selection, may have had secondary effects on structures such as the digits. Digit ratios, therefore, may be simply readouts of androgen to estrogen activity during this developmental period. In light of this hypothesis, it is intriguing that several genes identified in our study also have roles in development of the brain (42, 43) and other sexually dimorphic structures such as genitalia, mammary glands, and hair (44, 45) . This finding raises the possibility that the same developmental control genes might mediate localized, organ-specific responses to systemically circulating hormones. Lastly, it is noteworthy that male mice with diminished AR function and increased/feminized digit ratios also developed hypospadias, a urethral tube defect that can present as feminization of the genitalia. Thus, analysis of digit ratios in the hypospadias patient population could be an informative indicator of perturbed hormonal signaling during embryonic development. showing statistically significant differences (P < 0.05) of >40% are shown. See Table S1 for results of all 90 genes. Error bars show ± SEM, and asterisks denote significant differences. Higher levels of activated ER cause decreased chondrocyte proliferation in the middle phalanx of 4D, which reduces its growth relative to 2D and results in a higher 2D:4D ratio.
and ER-α knockout mice were purchased from Jax. Double-blind linear measurements of the proximal and middle phalanges of 2D and 4D in skeletal preparations of CD-1 mice were made by using a calibrated eyepiece reticule on a stereo dissecting microscope (46) . Stage of copulatory plug was designated E0.5 (CD1 mice are born at E19-20). Details of flutamide, fulvestrant, DHT, and estradiol treatments are described in SI Methods.
In Situ Hybridization, Cell Death, Cell Proliferation, and Skeletal Preparation. RNA whole-mount in situ hybridization, Lysotracker red (Molecular Probes) staining, and skeletal preparations were performed as described (47) . Sox9 plasmid was kindly provided by Peter Koopman (University of Queensland, St. Lucia, Australia). For cell proliferation analysis, BrdU (100 mg/kg) was injected 24 h after treatment with steroid or steroid receptor inhibitor, and embryos were collected 2 h later for immunohistochemistry.
Immunohistochemistry of AR and ER-α. Immunohistochemistry was performed by using rabbit anti-AR and anti-ER-α primary antibodies (Santa Cruz) diluted 1:200 and incubated overnight at 4°C. Antibodies were detected by using the TSA kit (Invitrogen) according to the manufacturer's protocol visualized on a Leica TSM Sp5 confocal microscope.
Quantitative RT-PCR. Quantitative RT-PCR was modified from a published method (47) . Digits 2 and 4 were dissected from staged CD1 mouse embryos and were pooled by digit number and treatment. Skeletogenic gene expression was determined by using the Osteogenesis PCR array (PAMM-026; SABiosciences) and the 7900 HT Fast real-time PCR system (Applied Biosystems) according to the manufacturer's protocol. For further details, see SI Methods and Table S2 .
Estimate of AR, ER-α, and BrdU Positive Cell Numbers. For AR and ER-α immunolabeling, longitudinal sections were cut at 12 μm, and five sections from the midpoint of each sample (n = 4) were selected to ensure we captured the digit. Starting from mesenchyme/epithelium border, five counting squares (100 × 50 μm 2 ) were placed 10 μm apart on both 2D and 4D in E12.5
limbs. For E14.5 limb, six counting squares (100 × 50 μm 2 ) were placed 20 μm apart on both 2D and 4D of each sample (n = 4). For BrdU analysis, BrdUpositive cells and total cells (visualized by DAPI) were counted in sections through each phalanx, and five sections from the midpoint of each sample (n = 3) were selected for measurements.
Statistical Analysis. All group differences in our dependent variables were revealed by using two-tailed Student's t tests with α-level set at 0.05, and all effect sizes (Cohen's d) were >0.8.
